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Leveraging social networks for identification of
people with HIV who are virally unsuppressed

Breschine Cummins?, Kara Johnson?, John A. Schneider™®,
Natascha Del Vecchio®, Niema Moshiri9, Joel O. Wertheim®,
Ravi Goyal®™ and Britt Skaathun®*

Objectives: This study investigates primary peer-referral engagement (PRE) strategies to
assess which strategy results in engaging higher numbers of people with HIV (PWH)
who are virally unsuppressed.

Design: We develop a modeling study that simulates an HIV epidemic (transmission,
disease progression, and viral evolution) over 6years using an agent-based model
followed by simulating PRE strategies. We investigate two PRE strategies where referrals
are based on social network strategies (SNS) or sexual partner contact tracing (SPCT).

Methods: We parameterize, calibrate, and validate our study using data from Chicago
on Black sexual minority men to assess these strategies for a population with high
incidence and prevalence of HIV. For each strategy, we calculate the number of PWH
recruited who are undiagnosed or out-of-care (OoC) and the number of direct or
indirect transmissions.

Results: SNS and SPCT identified 256.5 [95% confidence interval (Cl) 234-279] and
15 (95% Cl 7-27) PWH, respectively. Of these, SNS identified 159 (95% Cl 142-177)
PWH OoC and 32 (95% Cl 21-43) PWH undiagnosed compared with 9 (95% CI 3-18)
and 2 (95% C1 0-5) for SPCT. SNS identified 15.5 (95% Cl 6-25) and 7.5 (95% CI 2—-11)
indirect and direct transmission pairs, whereas SPCT identified 6 (95% CI 0-8) and 5
(95% Cl 0-8), respectively.

Conclusion: With no testing constraints, SNS is the more effective strategy to identify
undiagnosed and OoC PWH. Neither strategy is successful at identifying sufficient
indirect or direct transmission pairs to investigate transmission networks.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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Introduction for individuals out-of-care (OoC). Engagement is
challenging and will increase in difficulty as the epidemic

In 2019, the US Health and Human Services established
the Ending the HIV Epidemic (EHE) initiative to
eliminate new HIV infections by 2030 [1]. The EHE
initiative outlines four strategies, all of which require
rapidly engaging individuals in HIV services through
diagnosing people early, link-to-care, or re-engagement

becomes more concentrated among those who are
historically disenfranchised, such as Black sexual minority
men (BSMM) [2—4]. Prioritizing the BSMM population
is critical to achieving EHE goals as approximately a
quarter of all new HIV infections in the United States are
among BSMM [5], and BSMM are less likely to be virally
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suppressed [6]. Engagement in care among this group is
low as a result of stigma experienced in healthcare
settings, lack of insurance, unstable housing, and
psychological factors [7—9]. However, engagement is
critical in the United States; it is estimated that 13—15% of
people with HIV (PWH) are currently undiagnosed and
that another 37% are OoC [10]. This has serious
consequences as unaware and OoC PWH are estimated
to account for 80% of transmissions [11].

There have been several efforts to engage individuals. For
example, the standard of care employed by Public Health
Departments across the United States for identifying
individuals who are unaware of their HIV infection is
contact tracing (i.e. partner services) [12,13]. This process
involves eliciting names of sexual and drug use contacts
from people newly diagnosed with HIV and inviting them
to get tested for HIV [12,13]. This approach has not been
widely effective, producing a low number of contacts of
newly HIV diagnosed clients. In a review of 51 public
health jurisdictions, only 0.9 contacts were identified per
newly HIV diagnosed ‘index’ [14]. Per recommendation
by the Centers for Disease Control and Prevention (CDC),
the focus of partner services is on PWH who are newly
diagnosed rather than re-engaging PWH who are OoC
[15]. However, new evidence shows that focusing partner
services on contacts of previously diagnosed PWH is also
effective at engaging and re-engaging PWH [16]. The
objective of this manuscript is to explore the effectiveness
of peer recruitment strategies for engagement and re-
engagement among BSMM, where we define recruitment
as the acceptance of a peer invitation and HIV testing.

Although the ultimate goal for engaging/re-engaging
people who are undiagnosed and/or OoC is to reduce HIV
transmission, it is unclear what recruitment strategy can
most eftectively identify PWH who have high HIV
transmission potential (i.e. PWH who are virally
unsuppressed), and what strategy enables a Dbetter
characterization of the underlying HIV transmission
network. A contributing factor to the low identification
rate is that at-risk populations often do not trust the medical
community [3], or are more likely face stigma from
partners if referred, and partners may face stigma being
named by someone living with HIV/STIs. Interventions
that recruit social contacts, either in addition to or in place
of risk contacts, have been more eftective at locating those
with undiagnosed HIV infection, in part because people
tend to obtain and transmit information primarily through
informal social networks, especially their friends [3,17]. In
addition, naming a friend, or family member rather than a
sex partner also decreases stigma [18—20]. This ‘social
network strategy’ (SNS) is promoted by the CDC,
with studies showing that up to 6% of people tested using
SNS are unaware of their HIV infection [5,21-23].

We investigate two primary Peer-Referral Engagement
strategies (PRE strategies) for identifying PWH who are

undiagnosed, PWH who are OoC, PWH pairs who have
similar HIV genetic sequences (i.e. indirect HIV
transmission pairs), and PWH pairs where HIV transmis-
sion occurred. We investigate one PRE strategy with
recruitment based on social partners and another based on
sexual partners. We simulate PRE strategies for BSMM in
Chicago, which is located within an EHE jurisdiction [1].

Methods

Overview

To evaluate PRE strategies, it is necessary to have realistic
social and sexual contact networks, as well as knowledge
about HIV transmissions that occur within this popula-
tion (the transmission network). However, complete
social, sexual, and transmission networks are generally
unknown. To evaluate PRE strategies, we conducted a
robust simulation study with three modeling components
on simulated networks (see Fig. 1a).

We first generated social and sexual networks that
represented connections among BSMM in Chicago. We
used a congruence class model (CCM) [24] to generate
sample networks. Secondly, we simulated HIV spread
among BSMM using an epidemic transmission model
called FAVITES (FrAmework for Viral Transmission and
Evolution Simulation) [25]. FAVITES produces a
transmission network and simulated genetic sequence
data. Together, components 1 and 2 generate necessary
data to model and assess the PRE strategies (component
3). Fig. 1a outlines these components, including model
assessment on key outcomes.

Data

The first and third components were parameterized using
data from a longitudinal study of BSMM ages 16—29 who
reside in Chicago; details of the study, including sampling,
recruitment, and data collection, have been previously
described [26—28]. The cohort was obtained using
respondent-driven sampling to recruit 618 young
BSMM. Respondents were evaluated at baseline, 9,
and 18 months beginning June 2013. Each participant
answered a set of name-generating questions at each study
visit on their social and sexual networks. Participants were
asked to list up to five confidants with whom they ‘discuss
things that are important to you’ along with demographic
information, such as name, gender (male, female,
transgender), age, education, employment status, ethnic-
ity (Hispanic or not), and race. Participants were also
asked to list their (up to) five most recent sexual partners
in the past 6 months. The degree distribution of sexual
partners, D, was estimated from these data (Supple-
mental Table S1, http://links.Iww.com/QAD/D23).
Study participants were asked how many SMM they
know, and these survey responses together with named
confidants permitted an estimate of the distribution of
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Fig. 1. Simulation framework. (a) First a contact network is sampled, and then a social network is sampled with a specified overlap
with the contact network (component 1). An epidemic model is run on the contact network for a simulated time period of 6 years
(component 2). The outputs of the epidemic model are viral molecular sequences that can be transformed into a genetic cluster
network; a collection of transmission events defining a transmission network; and the disease status of each individual in the
simulation. Finally, SPCT is simulated on the sexual contact network, and SNS is simulated on the social network (component 3).
The disease status and transmission relationships of the sampled individuals are then compared. (b) Division of risk population into
disease status categories (compartments). Our epidemiological model consists of six disease states. Colors indicate treatment
status. Pink denotes susceptible individuals, yellow compartments show individuals not presently under treatment (i.e. undiag-
nosed/treatment-naive, or out-of-care), and blue compartments indicate individuals currently under treatment. Individuals in the
susceptible population become infected and transition to the acute undiagnosed state at rate r;. From the acute undiagnosed state,
individuals either remain untreated and transition to chronic undiagnosed at a rate of r, or initiate treatment and transition to acute
treated at a rate r3. Individuals in the acute treated and chronic undiagnosed compartments enter a chronic treated state with
transition rates r4 and rs, respectively. The out-of-care compartment contains individuals that are currently not treated but have

been in the past. The out-of-care and chronic treated compartments may mutually transition with rates of rg and r-.

BSMM social contacts, D™ (Supplemental Table S2,
http://links.lww.com/QAD/D23).

Simulation components

Component 1: generating sexual and social networks
We estimated the population size of the BSMM in Chicago
to be 15397 (see Supplement, http://links.lww.com/
QAD/D23). Each of the 15 397 nodes in the sexual contact
network, ¢”, represents an individual, while each edge
represents a sexual relationship between two BSMM. Our
sexual networks are generated using a CCM, which is
defined by a network property or set of properties and a
probability mass function on the congruence classes
defined by values of the network property. An important
network property to model epidemic spread is the
distribution of the number of sexual partners, which is
referred to as a degree distribution, denoted D™. For
simulated sexual contact networks, we model degree
distributions based on data from uConnect [27,29]
(see Supplemental Table S1, http://linksIww.com/
QAD/D23), assuming that the degree distribution follows
a multinomial distribution based on D" parameterized
by maximum likelihood estimates.

We generate a social network, ¢, using a two-ste
g ! g ng. P

process. The first consists of generating an initial network,

Giia» using a CCM with a multinomial distribution on

the degree distribution that is parameterized from the
social partner data from the uConnect cohort using
maximum likelihood estimates. The uConnect study
allowed participants to name SMM social contacts
irrespective of race, that is, not restricted to BSMM
[27,29]. Based on demographic data provided by
respondents, 97% of SMM social partners were BSMM.
Therefore, we assume that the degree distribution of
social contacts in the sexual minority men community
approximates the degree distribution of the BSMM
community, D" (Supplemental Table S2, http://links.
lww.com/QAD/D23). Secondly, we randomly selected
13% of ¢" edges and added this subgraph to g, to
generate ¢ (the percentage of sexual partner pairs in the
BSMM population that were also in the social network was
13% in the uConnect study). This addition is a necessary
step since ¢ and g}/’ are generated independently.

Component 2: simulating HIV epidemic, transmission
network, and molecular sequences

We simulated an HIV epidemic process using FAVITES,
which ingests a sexual network, simulates an epidemic
process, and outputs a transmission network ¢” and
associated HIV sequence data. FAVITES uses an epidemic
compartmental model customized to HIV to simulate
disease transmission. Our epidemic model divided the
BSMM population into six compartments: susceptible,
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undiagnosed acute, treated acute, undiagnosed chronic,
treated chronic, and OoC; see Fig. 1b. Susceptible
individuals are uninfected; individuals that have acute or
chronic treated infections are PWH undergoing antire-
troviral therapy (ART), while PWH without a diagnosis
and OoC individuals (all assumed to have a diagnosis) are
not on ART. See Supplement for initial population sizes in
each compartment, http://links.Iww.com/QAD/D23.

PWH have a probability of transmitting HIV to each of
their susceptible sexual partners. The probabilities for
transmission from individuals with treated acute, undiag-
nosed acute, and undiagnosed chronic infections were
from published literature (Supplemental Table S3 and
Supplemental Figure S1, http://links.lww.com/QAD/
D23) [25]; PWH in the chronic treated compartment
were assumed to have a zero transmission rate. The
transmission rate from OoC individuals to susceptible
individuals was calibrated to ensure an incidence rate of
approximately 1.4% (see Supplemental Figure S2, http://
links.Iww.com/QAD/D23); this incidence was derived
by applying data from the Enhanced HIV/AIDS
Reporting System (eHARS) in Chicago to the estimate
of the BSMM population size in 2019 [30].

Compartment transmissions are Poisson processes. Indi-
viduals transitioned from acute to chronic disease status
with a mean of approximately 6 weeks [31], regardless of
treatment state. The mean transition time from acute
undiagnosed to acute treated was 1 year [25], and chronic
undiagnosed to chronic treated was approximately
3.3years (see Supplement, http://linkslww.com/
QAD/D23). PWH may transition back and forth
between the chronic treated and OoC compartments.
The mean transition time from OoC to chronic treated
(re-engagement) was 5.9 years [32] and chronic treated to
OoC was then calibrated to 1.8 years in order to ensure
that there were not multiple transitions between these
compartments within a 12-month period (see Supple-
ment, http://links.Iww.com/QAD/D23), which is not
consistent with the standard definition of OoC [33].

Epidemics were simulated over a 6-year period, without a
specific starting year (late teens are reasonable), providing
each individuals disease status, all transmission events,
and all viral sequences. Sequencing occurred at the end of
the simulation. The evolutionary model and associated
parameters are those used in previous studies with FAVITES
[25,34] (Supplemental Table S3, http://links.Iww.com/
QAD/D23). FAVITES does not currently model PRE
strategies coincident with an epidemic, so the simulated
disease spread was performed first to provide a reasonable
estimate of a population in the midst of an epidemic.

Component 3: simulating peer-referral engagement
Strategies

We simulated two PRE strategies at the end of the
epidemic simulation before further significant transmission

occurred. The first strategy modeled recruitment of social
partners (SNS for social network strategy) and the second
modeled recruitment of sexual partners through peer-
referral contact tracing (SPCT). To simulate SNS, we
conducted respondent-driven sampling on ¢", whereas
SPCT uses ¢". Both PRE strategies start with an initial
group of PWH respondents (seeds), who then recruit
others. In respondent-driven sampling, each individual
attempts to recruit a fixed number of their social contacts
for participation by providing them with a voucher; these
contacts accept and participate with probability p. The
new recruits continue this process until a specified sample
size is reached. In SPCT, the PWH seed attempts to recruit
all sexual partners; a partner accepts with a fixed probability
p”. Only PWH continue recruiting in the SPCT strategy.
The process continues until none of the recruits are PWH;
unlike SNS, SPCT does not have a fixed sample size.

The number of vouchers distributed per individual (6) in
SNS, the initial population of seed individuals (62) in
both SNS and SPCT, and the target sample size for SNS
(600) were taken from the uConnect study design. The
probability p"™ =39.4% was estimated from uConnect
outcomes by taking the proportion of vouchers returned
from individuals who reported a single social contact.
Although the uConnect data recruitment strategy
specified only young BSMM, we use the acceptance
rate for our simulations to represent recruitment of the
entire BSMM population in Chicago (we later relaxed
this assumption). The probability p” was estimated from
the literature to be 17.5% [35] (Supplemental Table S4,
http://links.lww.com/QAD/D23).

Model assessment of peer-referral engagement strategies
The measure of success of a PRE strategy used in this article
was the total number and proportion of PWH recruited
during SNS or SPCT and stratified by those OoC or
undiagnosed. We also assessed the number of pairs of
individuals with direct or indirect transmission events that
were sampled in each recruitment strategy. To assess
possible indirect transmissions, we computed genetic
distances between the HIV sequence data simulated by
FAVITES using the TN93 nucleotide substitution model
[36—38]. Putative linkage in a molecular network ¢*" is
inferred when the genetic distance between two sequences
is below 1.5% sequence divergence.

Sensitivity analyses

We conducted three sensitivity analyses. The first was a
modified version of SPCT (mod-SPCT) where all
individuals (not just PWH) were asked to continue
recruiting all sexual partners until no further individuals
chose to participate, assuming the same probability of
recruitment. The motivation for mod-SPCT was to
exclude the possibility that only following up with PWH
was the cause of small sample sizes in SPCT (Fig. 2a). The
second analysis increased p” from 17 to 27% and decreased
p™ from 40 to 30% to assess the impact of uncertainty in
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Fig. 2. (a) Comparison of number of recruited people with HIV between social network strategies and sexual partner contact
tracing. The panel shows the number of individuals recruited from SNS and SPCT in total, the subsample of these that are PWH, the
further subsample that are out-of-care, and lastly the subsample of PWH that are undiagnosed. The boxplots show the distribution of
the median individuals over 250 simulations, 25 and 75% quartiles, whiskers out to 1.5 times the interquartile distance, and outliers
beyond. The label ‘Sample’ refers to the total sample size excluding seed individuals. PWH indicates infected individuals that were
sampled, regardless of diagnosis or treatment state. OoC indicates the sampled individuals in the OoC compartment. ‘UD’ refers to
people who are undiagnosed that were sampled, whether in the acute or chronic phase of the disease. Medians and confidence
intervals are given in Supplemental Table S5, http:/links.lww.com/QAD/D23. (b) Comparison of number of samples of PWH
between SNS and mod-SPCT, where both infected and uninfected individuals are asked to recruit sexual partners. The SNS strategy
remained unchanged as expected, except for slight differences because of stochasticity. The mod-SPCT strategy yielded only slightly
better numbers than SPCT in panel (a), with a median sample size of 42 (95% CI 24-65). Other medians and Cls are given in
Supplemental Table S6, http://links.lww.com/QAD/D23. (c) Comparison of percentage of recruited subpopulation with respect to
sample size for SNS, SPCT, and mod-SPCT. The percentages of the PWH groups were computed as a proportion of sample size. For
example, PWH recruited via SNS is 47.5% (95% Cl 43.3-51.6%) of the SNS sample size (median 540, 95% Cl 538-543), while
PWH sampled via SPCT is 50% (95% Cl 31.8-68%) of the SPCT sample size (median 31, 95% Cl 18-46). Other percentages with
95% Cls are shown in the table with the corresponding sample medians/Cls in Supplemental Table S5, http://links.lww.com/QAD/
D23. The first column indicates the subpopulation for which percentages are reported; the second column shows results for SNS (blue
boxes) in both panels (a) and (b); the third column reports percentages for SPCT in panel (a) (red boxes); and the fourth column reports
percentages for mod-SPCT in panel (b) (red boxes). While the absolute sample sizes between SNS and SPCT/mod-SPCT are very
different [compare blue and red boxes in panels (a) and (b)], the percentage of PWH subpopulations recruited is very similar between
PRE strategies. SNS, social network strategies; SPCT, sexual partner contact tracing.
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networks numbered in the thousands. Medians and Cls in Supplemental Table S7, http:/links.lww.com/QAD/D23. Cl, confidence

interval.

acceptance rates. The third analysis varied the initial
prevalence of HIV among BSMM (36.3%, see Supple-
ment, http://links.lww.com/QAD/D23) to 27.2, 18.1,
and 9.1%, representing HIV prevalences of 75, 50, and
25% of baseline.

Results

Results for number of people with HIV recruited
We performed 250 independent simulations and com-
pared outcomes from SNS and SPCT. We found that
overall SNS outperformed SPCT on total number of
PWH recruited as well as stratified by those OoC and
undiagnosed. The median identification of PWH by SNS
was 256.5 (95% CI 234-279) compared with 15 (95% CI
7-27) by SPCT. For PWH in the OoC and undiagnosed
populations, SNS identifies 159 (95% CI 142—177) and
32 (95% CI 21-43), respectively, compared with 9 (95%
CI 3-18) and 2 (95% CI 0—5] by SPCT; see Fig. 2a. The
difference in absolute numbers between the strategies is
because of the larger number of recruits under SNS
compared with SPCT. In terms of percentages, the two
strategies are nearly identical; see Fig. 2c.

Results for direct and indirect HIV transmission
pairs

PRE strategies were assessed on the number of direct/
indirect HIV transmission pairs identified. A direct

transmission pair occurred if both PWH were connected
by an edge in ¢"', whereas an indirect pair was represented
by an edge in ¢*'. For both PRE strategies, an
insignificant number of direct and indirect pairs were
found (Fig. 3). We conclude that both SNS and SPCT are
inefficient at recovering direct and indirect HIV
transmission pairs at the sample sizes explored here. This
conclusion holds when viral sequencing occurs at the
moment of infection (Supplemental Figure S3, http://
links.lww.com/QAD/D23).

Results from sensitivity analyses

In the first analysis (imod-SPCT), we saw slight, but not
substantial, improvement in sample sizes (Fig. 2 and
Supplemental Tables S5 and S6, http://links.lww.com/
QAD/D23), indicating that continuing recruitment with
all sexual partners does not significantly increase the
proportion of PWH recruited.

For the second analysis (variance of acceptance rate), the
sample size for SPCT increased moderately with increasing
acceptance rate (Fig. 4a, Supplemental Table S8, http://
links.Iww.com/QAD/D23). In contrast, decreasing the
acceptance rate for SNS from 40 to 30% caused no change
in the sample size of recruited individuals (medians and Cls
in Supplemental Table S9, http://links.Iww.com/QAD/
D23). Furthermore, the decrease in rate did not affect the
number of PWH recruited with SNS (Fig. 4b). We
conclude that the higher degree distribution of the social
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Cls in Supplemental Tables S8—S9, http://links.lww.com/QAD/D23. SNS, social network strategies; SPCT, sexual partner contact

tracing.

network is responsible for the larger sample sizes, not the
acceptance rate. Similarly, the lower degree distribution in
the SPCT network is likely the primary cause of the low
sample size.

In the third analysis (variance of HIV prevalence), the
number of new PWH recruited drops as prevalence
decreases (Fig. 5). The drop is more pronounced in SNS
compared with SPCT. At our estimated prevalence of
36.3%, the proportions of PWH, OoC PWH, and
undiagnosed PWH are similar between the two strategies.
At less than 18.1% prevalence, SPCT shows a noticeable
advantage in the proportion of all, OoC, and undiagnosed
PWH identified. This corresponds to fewer administered
HIV tests per recruitment. In all cases, SNS returns a
greater absolute number of individuals because of its
greater sample size but its proportional results are only
comparable to SPCT at the highest prevalence.

Discussion

We examined the relative performance of two PRE
strategies, social network-based (SNS) and sexual
network-based (SPCT), in identifying subpopulations
of PWH at high risk of transmitting HIV. Our simulation
results indicate that SNS identifies a greater number of
PWH who are undiagnosed and OoC compared with
SPCT. However, the two strategies produce equal
proportions of these outcomes, consistent with nearly
equal proportions of newly diagnosed BSMM from both
social and sexual PRE strategies in Baytop et al. [39]. This
suggests that a larger proportion of the total population of
PWH can be identified by using a SNS strategy, with the
number of administered tests proportionately the same for
each newly diagnosed individual as in contact tracing
for high HIV prevalence. For low prevalence, if the
number of tests is a concern, then contact tracing may be
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Fig. 5. Social network strategies vs. sexual partner contact tracing recruitment of people with HIV as a percentage of sampled
individuals. The horizontal axis is HIV prevalence in the BSMM population. The prevalences of HIV are 36.3% (our estimate of
prevalence in the BSMM population in Chicago), 27.2%, which is 75% of our estimate, 18.1%, which is 50% of our estimate, and
9.1%, which is 25% of our estimate. The percentage of PWH (panel a), OoC (panel b), and UD (undiagnosed, panel c) with regard
to the number of recruited individuals decreased with decreasing prevalence, and more so for SNS versus SPCT. However, the
absolute number of PWH recruited was always greater with SNS. Medians and Cls plotted here are given in Supplemental Tables
$10-512, http://links.lww.com/QAD/D23. The greater Cls in SPCT are likely due to a much smaller sample size. BSMM, Black
sexual minority men; Cl, confidence interval; OoC, out-of-care; PWH, people with HIV; SNS, social network strategies; SPCT,
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the desired alternative; if the desired outcome is a greater
absolute number of undiagnosed individuals, then SNS is
the preferred strategy.

Previous research has found that strategies that elicit social
rather than sexual contacts are effective at identifying
individuals’ OoC and unaware of their HIV infection
[19,20,23,39—-43]. Moreover, a recent systematic study
concluded that SNS is an eftective way of reaching urban
BSMM who are at high risk but not engaged with the
healthcare system [44]. Our results corroborate these
findings by providing a direct comparison between SNS
and SPCT. In addition, we found that the difference in
absolute numbers between PRE strategies was not because
of SPCT being limited to follow-up with only PWH
(see mod-SPCT in Fig. 2b), or the difference in acceptance
rates between the two strategies. Rather, the difterential
connectivity of the two networks is likely the primary
reason for the low numbers identified with SPCT;
specifically, the social network is more densely connected.
Because of this, we speculate that SNS 1s more effective at
identifying preexposure prophylaxis (PrEP) candidates.

There is interest by public health officials on a national
level in utilizing molecular cluster analysis with partner
services to respond to emerging clusters of HIV infection.
However, there is no consensus on which response
methods are most effective. We found that SNS displayed
a slightly higher trend in detecting indirect pairs, but
neither PRE strategy was successful at identifying direct
transmission pairs. Our results indicate that recovery of a
significant portion of ¢*" remains out-of-reach without a
greatly increased sample size. Diagnoses at an earlier stage
of infection could increase the probability of genetic
linkage and our ability to identify direct/indirect
transmission pairs [45] (see also Supplemental Figure
S3, http://links.Iww.com/QAD/D23), as would an
overall increase in viral sequence reporting completeness,
which is still quite low across the country [46,47].

Our modeling study has several limitations.

(1) Our social network parameters are estimated for the
BSMM population in Chicago, with study participants
in the 16—29 age range; therefore, the results may not be
generalizable to other communities.

(2) Ouwur simulations assume that the recruitment probabili-
ties among people who are newly diagnosed with HIV
are the same as among people living with established
HIV infection.

(3) We simulated a fixed population in which death,
immigration, emigration, and entry into the young
BSMM population were not modeled over the 6-year
period of the simulations.

(4) The probability of recruiting an individual can be
affected by compensation. The uConnect study
provided compensation and was the basis of our estimate
for social contact acceptance. However, the literature

basis for contact tracing did not include compensation.
Our sensitivity analysis with varying acceptance rates
partially mitigates this limitation.

(5) Our PRE strategies are not performed simultaneously
with disease spread. As these strategies could be used to
contain spread, such a process could alter the epidemic.
Future studies should model a combination of strategies
and complex social behaviors simultaneously with
disease spread to identify which package of interventions
are most effective at curtailing the epidemic in specific
jurisdictions.

In conclusion, the simulations presented here provided
insight on the utility of different network-based recruit-
ment strategies to attempt engagement and re-engage-
ment in individuals with the highest transmission
potential, and consequently identified which strategy
has the largest impact on curtailing transmission. With no
limitations on test availability, SNS was the more effective
strategy for identifying undiagnosed and OoC PWH.
Neither SNS nor SPCT could identify sufticient indirect
or direct transmission pairs to investigate transmission
networks.

Acknowledgements

We would like to acknowledge Anna Hotton for
providing estimates from the uConnect study as well as
the uConnect participants. We would also like to
acknowledge Allison Wong and Sharon Trillo-Park for
assisting with the manuscript preparation. Computational
efforts were performed on the Tempest High Perfor-
mance Computing System, operated and supported by
University Information Technology Research Cyberin-
frastructure at Montana State University. This work was
supported in part by the National Institute on Drug
Abuse KO1 DA049665 to B.S.) and the National Institute
of Allergy and Infectious Diseases (RO1AI136056 to
J-AS.,, RO1AI135992 and RO1AI136056 to J.O.W.,
RO1AI147441 to B.C., KJ.,, and R.G.).

Author contributions: B.C., R.G., and B.S. conceptual-
ized the study; J.A.S. provided data curation and
interpreted the results; B.C., K.J., N.D.V,, and R.G.
analyzed the data; B.C., J.A.S., JO.W,, R.G., and B.S.
interpreted the data; B.S. and B.C. drafted the manu-
script; B.C., K.J., J.A.S, N.D.V,, N.M., J.O.W, R.G., and
B.S. reviewed, edited, and approved the manuscript.

Code availability: All scripts and configuration files used
to generate the results in this paper are available at https://
github.com/breecummins/social_sampling_in_epidemics.

git.

Conflicts of interest
There are no conflicts of interest.


http://links.lww.com/QAD/D23
https://github.com/breecummins/social_sampling_in_epidemics.git
https://github.com/breecummins/social_sampling_in_epidemics.git
https://github.com/breecummins/social_sampling_in_epidemics.git

Social networks to identify PWH Cummins et al.

References

20.

Fauci AS, Redfield RR, Sigounas G, Weahkee MD, Giroir BP.
Ending the HIV epidemic: a plan for the United States. JAMA
2019; 321:844-845.

Millett GA, Peterson JL, Flores SA, Hart TA, Jeffries WLT, Wilson
PA, et al. Comparisons of disparities and risks of HIV infection
in black and other men who have sex with men in Canada, UK,
and USA: a meta-analysis. Lancet 2012; 380:341-348.
Bauermeister JA, Eaton L, Andrzejewski J, Loveluck J, VanHe-
mert W, Pingel ES. Where you live matters: structural corre-
lates of HIV risk behavior among young men who have sex with
men in metro Detroit. A/IDS and behavior 2015; 19:2358-2369.
Remien RH, Bauman LJ, Mantell JE, Tsoi B, Lopez-Rios J,
Chhabra R, et al. Barriers and facilitators to engagement of
vulnerable populations in HIV primary care in New York City.
J Acquir Immune Defic Syndr 2015; 69 Suppl 1 (1):516-524.
Centers for Disease Control and Prevention. HIV and African
American Gay and Bisexual Men. 2021.

Ryan White HIV/AIDS Program. Black/African American cli-
ents: HRSA’s Ryan White HIV/AIDS Program, 2019. In: Health
Resources & Services Administration; 2021.
Hightow-Weidman LLS, Choi SK, Egger ), Hurt CB, Muessig KE.
Exploring the HIV continuum of care among young black MSM.
PLoS One 2017; 12:e0179688.

Bouris A, Voisin D, Pilloton M, Flatt N, Eavou R, Hampton K,
et al. Project nGage: network supported HIV care engagement
for younger Black men who have sex with men and transgender
persons. / AIDS Clin Res 2013; 4:1000236.

Quinn K, Voisin DR, Bouris A, Jaffe K, Kuhns L, Eavou R,
Schneider J. Multiple dimensions of stigma and health related
factors among young Black men who have sex with men. A/DS
Behav 2017; 21:207-216.

Li Z, Purcell DW, Sansom SL, Hayes D, Hall HI. Vital signs: HIV
transmission along the continuum of care - United States,
2016. MMWR Morb Mortal Wkly Rep 2019; 68:267-272.
Gopalappa C, Farnham PG, Chen YH, Sansom SL. Progression
and transmission of HIV/AIDS (PATH 2.0). Med Decis Making
2016; 37:224-233.

Samoff E, Koumans EH, Katkowsky S, Shouse RL, Markowitz LE,
Fulton County Disease Investigation Working Group. Contact-
tracing outcomes among male syphilis patients in Fulton
County, Georgia, 2003. Sex Transm Dis 2007; 34:456-460.
Centers for Disease Control and Prevention Division of STD
Prevention. What are ‘partner services’ and ‘contact tracing’?
2020. https://www.cdc.gov/std/program/partners.htm#an-
chor_1601399380737. [Accessed 17 March 2022]

Katz DA, Hogben M, Dooley SW Jr, Golden MR. Increasing
public health partner services for human immunodeficiency
virus: results of a second national survey. Sex Transm Dis 2010;
37:469-475.

Centers for Disease Control and Prevention. Recommendations
for partner services programs for HIV infection, syphilis, go-
norrhea, and chlamydial infection. MMWR Recomm Rep 2007;
57:1-83.

Oehler C, Rajagopal A, Songster T, Schmitt J, McNulty M,
Schneider J, et al. Partner notification services for patients
with established and new HIV infection leads to diagnosis
and linkage of HIV-positive partners. AIDS Behav 2021;
25:809-813.

Tobin KE, Kuramoto SJ, Davey-Rothwell MA, Latkin CA. The
STEP into Action study: a peer-based, personal risk network-
focused HIV prevention intervention with injection drug users
in Baltimore, Maryland. Addiction 2011; 106:366-375.
Kimbrough LW, Fisher HE, Jones KT, Johnson W, Thadiparthi S,
Dooley S. Accessing social networks with high rates of un-
diagnosed HIV infection: The social networks demonstration
project. Am J Public Health 2009; 99:1093-1099.

Olawore O, Astatke H, Lillie T, Persaud N, Lyons C, Kamali D,
et al. Peer recruitment strategies for female sex workers not
engaged in HIV prevention and treatment services in Cote
d’Ivoire: program data analysis. /MIR Public Health Surveill
2020; 6:e18000.

Stojanovski K, Naja-Riese G, King EJ, Fuchs JD. A systematic
review of the social network strategy to optimize HIV testing in
key populations to end the epidemic in the United States. A/DS
Behav 2021; 25:2680-2698.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kimbrough LW, Fisher HE, Jones KT, Johnson W, Thadiparthi S,
Dooley S. Accessing social networks with high rates of un-
diagnosed HIV infection: the Social Networks Demonstration
Project. Am J Public Health 2009; 99:1093-1099.

Centers for Disease Control and Prevention. Effective Interven-
tions: Social Network Strategy for HIV Testing Recruitment. 2021.
Skaathun B, Pho MT, Pollack HA, Friedman SR, McNulty MC,
Friedman EE, et al. Comparison of effectiveness and cost for
different HIV screening strategies implemented at large urban
medical centre in the United States. / Int AIDS Soc 2020; 23:
€25554.

Goyal R, De Gruttola V, Blitzstein J. Sampling networks from
their posterior predictive distribution. Netw Sci (Camb Univ
Press) 2014; 2:107-131.

Moshiri N, Ragonnet-Cronin M, Wertheim JO, Mirarab S.
FAVITES: simultaneous simulation of transmission networks,
phylogenetic trees and sequences. Bioinformatics 2019;
35:1852-1861.

Schneider J, Cornwell B, Jonas A, Lancki N, Behler R, Skaathun
B, et al. Network dynamics of HIV risk and prevention in a
population-based cohort of young Black men who have sex
with men. Netw Sci 2017; 5:381-409.

Khanna AS, Michaels S, Skaathun B, Morgan E, Green K, Young
L, Schneider JA, uConnect Study Team. Preexposure prophy-
laxis awareness and use in a population-based sample of young
Black men who have sex with men. JAMA Inter Med 2016;
176:136-138.

Skaathun B, Voisin DR, Cornwell B, Lauderdale DS, Schneider
JA. A longitudinal examination of factors associated with net-
work bridging among YMSM: implications for HIV prevention.
AIDS Behav 2019; 23:1326-1338.

Morgan E, Skaathun B, Michaels S, Young L, Khanna A, Fried-
man SR, et al., UConnect Study Team. Marijuana use as a sex-
drug is associated with HIV risk among black MSM and their
network. AIDS Behav 2016; 20:600-607.

Chicago Department of Public Health. Enhanced HIV/AIDS
Reporting System (eHARS). 2019.

Miller WC, Rosenberg NE, Rutstein SE, Powers KA. Role of
acute and early HIV infection in the sexual transmission of HIV.
Curr Opin HIV AIDS 2010; 5:277-282.

Goyal R, Hu C, Klein PW, Hotchkiss ], Morris E, Mandsager P,
et al. Development of a mathematical model to estimate
the cost-effectiveness of HRSA’s Ryan White HIV/AIDS Pro-
gram. / Acquir Inmune Defic Syndr 2021; 86:164-173.
Dombrowski JC, Bove J, Roscoe JC, Harvill J, Firth CL, Khor-
mooji S, et al. ‘Out of Care’ HIV case investigations: a colla-
borative analysis across 6 states in the Northwest US. | Acquir
Immune Defic Syndr 2017; 74 Suppl 2 (Suppl 2):581-s87.
Byrd JC, Furman RR, Coutre SE, Burger JA, Blum KA, Coleman
M, et al. Three-year follow-up of treatment-naive and pre-
viously treated patients with CLL and SLL receiving single-
agent ibrutinib. Blood 2015; 125:2497-2506.

Hogben M, McNally T, McPheeters M, Hutchinson AB. The
effectiveness of HIV partner counseling and referral services in
increasing identification of HIV-positive individuals a systema-
tic review. Am / Prev Med 2007; 33 (2 Suppl):S89-S100.
Little SJ, Kosakovsky Pond SL, Anderson CM, Young JA,
Wertheim JO, Mehta SR, et al. Using HIV networks to inform
real time prevention interventions. PLoS One 2014; 9:€98443.
Tamura K, Nei M. Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in
humans and chimpanzees. Mo/ Biol Evol 1993; 10:512-526.
Wertheim JO, Leigh Brown AJ, Hepler NL, Mehta SR, Richman
DD, Smith DM, Kosakovsky Pond SL. The global transmission
network of HIV-1. / Infect Dis 2014; 209:304-313.

Baytop C, Royal S, Hubbard McCree D, Simmons R, Tregerman R,
Robinson C, et al. Comparison of strategies to increase HIV testing
among African-American gay, bisexual, and other men who have
sex with men in Washington, DC. AIDS Care 2014; 26:608-612.
Morgan E, Skaathun B, Duvoisin R, Michaels S, Schneider JA.
Are HIV seroconversions among young men who have sex with
men associated with social network proximity to recently or
long-term HIV-infected individuals? / Acquir Immune Defic
Syndr 19992018; 77:128.

Centers for Disease Control and Prevention. Use of social net-
works to identify persons with undiagnosed HIV infection—
—seven U.S. Cities, October 2003—September. Morb Mortal
Wkly Rep 2005; 54:601-605.

253


https://www.cdc.gov/std/program/partners.htm
https://www.cdc.gov/std/program/partners.htm

254

AIDS 2024, Vol 38 No 2

42.

43.

44.

45.

Williams LD, Korobchuk A, Smyrnov P, Sazonova Y, Nikolo-
poulos GK, Skaathun B, et al. Social network approaches to
locating people recently infected with HIV in Odessa, Ukraine.
J Int AIDS Soc 2019; 22:€25330.

Wohl AR, Ludwig-Barron N, Dierst-Davies R, Kulkarni S, Bendetson J,
Jordan W, et al. Project engage: snowball sampling and direct
recruitment to identify and link hard-to-reach HIV-infected persons
who are out of care. | Acquir Inmune Defic Syndr2017; 75:190-197.
Campbell CK, Lippman SA, Moss N, Lightfoot M. Strategies to
increase HIV testing among MSM: a synthesis of the literature.
AIDS Behav 2018; 22:2387-2412.

Wertheim JO, Oster AM, Switzer WA-O, Zhang C,
Panneer N, Campbell E, et al. Natural selection favoring

46.

47.

more transmissible HIV detected in United States mo-
lecular transmission network. Nat Commun 2019;
10:5788.

Dasgupta S, France AM, Brandt M-G, Reuer J, Zhang T, Panneer
N, et al. Estimating effects of HIV sequencing data complete-
ness on transmission network patterns and detection of grow-
ing HIV transmission clusters. A/IDS Res Hum Retroviruses
2018; 35:368-375.

Mazrouee S, Hallmark CJ, Mora R, Del Vecchio N, Carrasco
Hernandez R, Carr M, et al. Impact of molecular sequence
data completeness on HIV cluster detection and a network
science approach to enhance detection. Sci Rep 2022;
12:19230.



	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA





